
Skylab 3600 groove�mm replica grating with a
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normal-incidence efficiency at 38-nm wavelength
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A Sc–Si multilayer coating was applied to a replica of the 3600 groove�mm grating, developed for the
SO82A spectroheliograph that flew on the Skylab mission, for the purpose of enhancing the normal-
incidence efficiency in the extreme-ultraviolet region. The efficiency, measured at an angle of incidence
of 6° with synchrotron radiation, had a maximum value of 7.2% at a wavelength of 38 nm and was a factor
of 3 higher than the efficiency of the gold-coated Skylab grating. The measured efficiency of the Sc–Si
grating was in good agreement with the efficiency calculated by use of the modified integral method.

OCIS codes: 050.1950, 310.6860, 340.7470.
1. Introduction

Multilayer coated gratings have been developed that
have relatively high normal-incidence efficiencies in
the extreme-ultraviolet �EUV� wavelength region.
Owing to the good performance and stability of Mo–Si
multilayers, this type of multilayer was adopted for
the first spectrometer planned for a satellite mission
using a multilayer grating, the Extreme Ultraviolet
Imaging Spectrometer �EIS� on the Solar-B mis-
sion.1,2 The EIS grating has two Mo–Si coatings
that cover the 18–20- and 25–28-nm wavelength
ranges. Multilayer gratings with MoRu–Be coat-
ings were recently developed for the 11.5-nm region,
and computational modeling of the grating perfor-
mance indicated that enhanced normal-incidence
grating efficiencies can be achieved at shorter wave-
lengths by use of blazed holographic grating sub-
strates with low microroughness and suitable
multilayer coatings.3

The increasing attenuation coefficients of most ma-
terials in the EUV region, at wavelengths longer than
approximately 30 nm, adversely affect the perfor-
mance of multilayer coatings. However, the recent
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development of Sc–Si multilayer coatings with normal-
incidence reflectances exceeding 30% in the 36–48-nm
range �Ref. 4� motivated an attempt to demonstrate
enhanced grating efficiency near 40 nm. Scandium
and the other nearby transition metals have relatively
high transmittance at wavelengths longer than the
attenuation edge of 3p–3d type transitions.

The 40–44-nm region of the solar spectrum, shown
in Fig. 1, has a number of emission lines that span a
wide range of temperatures and are of diagnostic
importance.5 This wavelength region was covered
by the gold-coated 3600 groove�mm grating used in
the SO82A spectroheliograph that flew on the Skylab
mission.6 This instrument recorded spectrally dis-
persed images of the Sun on photographic film. The
exposure time of the spectral image shown in Fig. 1
was 8.5 s.7 To increase significantly the temporal
cadence of the images for the study of transient solar
phenomena, it would be necessary to increase the
efficiency of the grating. Thus, for this study, a rep-
lica of the Skylab 3600 groove�mm grating was cho-
sen as the grating substrate so that direct
comparisons could be made with previous efficiency
measurements of similar replicas with Mo–Si multi-
layer and gold coatings.8

2. Scandium–Silicon Multilayer Coating

A number of Sc–Si multilayer test coatings were
deposited onto Si wafer substrates. A thin W bar-
rier layer was deposited between the Sc and the Si
layers to prevent interdiffusion at the Sc–Si inter-
faces and to improve the stability of the mutlilay-
ers.9 The reflectances of the test mirrors were



measured at the Naval Research Laboratory �NRL�
beamline X24C at the National Synchrotron Light
Source at the Brookhaven National Laboratory.10,11

The angle of incidence was 5°, and the incident
radiation was 80% polarized with the electric field
vector in the plane of incidence. The measured
reflectance of a Sc–W–Si–W multilayer is shown by
the data points in Fig. 2. The coating had 20 pe-
riods with a nominal Sc fractional thickness of 0.45.

The thickness of the W layers was 0.8 nm. The top
layer was oxidized Si with an assumed thickness of
3 nm as is usually adopted. The peak reflectance
of the multilayer shown in Fig. 2 is 25% at a wave-
length of 39 nm.

Initial attempts to model the reflectance of the
Sc–Si multilayer indicated that the tabulated �Ref.
12� optical constants for Sc are inaccurate in the 35–
45-nm wavelength range. Thus it was necessary to
determine experimentally the Sc optical constants.
This was done by means of depositing one Sc–Si bi-
layer onto each of six Si photodiode sensors and mea-
suring the transmittances. The Si layer thickness �5
nm� was the same on each photodiode, and the Sc
thickness varied from 7.5 to 130 nm. The Sc optical
constants were determined in the 18–68-nm wave-
length range.13

The reflectances of the Sc–Si test mirrors were cal-
culated with the newly determined Sc optical con-
stants and the Si and W optical constants from Ref.
14. The interfaces were assumed to be discrete with
no interdiffusion or microroughness. The only free
parameter in the calculation was the period thick-
ness, which was adjusted so that the wavelength of
the peak calculated reflectance agreed with the mea-
surements. The resulting calculated reflectance is
shown by the solid curve in Fig. 2. The calculated
and the measured reflectances are in excellent agree-
ment except on the long wavelength side of the re-
flectance profile. The inferred period thickness is
20.3 nm.

3. Measured Grating Efficiency

A similar Sc–Si multilayer coating with W barrier
layers was applied to a replica of the Skylab 3600
groove�mm grating. The efficiency was measured
at the NRL beamline X24C by means of scanning the
detector in angle through the grating orders. The
efficiencies were measured at two angles of incidence,
6° and 15.5°, relative to the normal to the grating
surface. The incident radiation was approximately
80% polarized with the electric field vector perpen-

Fig. 1. Solar spectrum in the 39–45-nm wavelength range from
the 2 December 1973 impulsive EUV event recorded by the NRL
SO82A spectroheliograph on Skylab.

Fig. 2. Measured �data points� and calculated �curve� reflectance
of a Sc–Si test mirror.
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dicular to the grating’s grooves. The grating was
oriented so that the groove facets with the larger
facet angles faced the incident radiation beam. In
this orientation the outside first diffraction order,
with a diffraction angle larger than the 0 order, had
the highest efficiency. The efficiencies measured at
an incident wavelength of 40 nm are shown in Fig. 3,
where negative and positive numbers identify the
outside and the inside orders, respectively. The ef-
ficiencies measured at an incident wavelength of 19
nm, near the peak of the second constructive inter-
ference �Bragg� order of the Sc–Si multilayer coating,
are shown in Fig. 4. As discussed in Section 4, the
efficiencies at the shorter wavelengths are small, ow-
ing to the low groove efficiency of the grating sub-
strate at the shorter wavelengths and, in addition, to
the low multilayer reflectance in the second Bragg
order.

The peak efficiencies in the �1 and the 0 grating
diffraction orders, measured as functions of the inci-
dent wavelength at an angle of incidence of 6°, are
shown by the data points in Fig. 5. The peak �1
efficiency is 7.2% at a wavelength of 38 nm. This is
a factor of 3 higher than the efficiency of the gold-
coated Skylab grating.6,8 The curves in Fig. 5 are
the calculated efficiencies that are discussed in Sec-
tion 4.

The period thickness of the grating’s Sc–Si mul-

tilayer coating was determined by measurement of
the 0-order efficiency over a wide wavelength range.
This was done by means of positioning the detector
at the 0-order angle, which does not change with
wavelength, and scanning the incident wavelength
at a fixed angle of incidence of 6°. The measured

Fig. 3. Sc–Si grating efficiencies measured at a wavelength of 40
nm and at angles of incidence of �a� 6° and �b� 15.5°.

Fig. 4. Sc–Si grating efficiencies measured at a wavelength of 19
nm and at angles of incidence of �a� 6° and �b� 15.5°.

Fig. 5. Data points are the measured peak efficiencies of the
Sc–Si grating in the �1 and the 0 orders for an angle of incidence
of 6°. The curves are the calculated efficiencies at an angle of 6°.
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0-order efficiency is shown by the data points in
Fig. 6.

The curve in Fig. 6 is the calculated reflectance of
the Sc–Si coating. The reflectance was calculated as
for the Sc–Si test coatings on the flat Si wafers, except
that the reflectivity at each layer interface was mul-
tiplied by a Debye–Waller factor to simulate the
1.6-nm microroughness of the grating substrate.8
The period thickness was varied so that the wave-
length of the peak of the calculated reflectance profile
agreed with the peak of the measured 0-order effi-
ciency. In addition, the entire reflectance profile
was scaled down by a factor of 0.21, which represents
the grating’s groove efficiency in the 0 order. As
shown in Fig. 6, with this scaling, the calculated
reflectance is in good overall agreement with the
measurements. The inferred multilayer period thick-
ness is 20.9 nm.

4. Calculated Grating Efficiency

The efficiency of the Sc–Si multilayer coated grating
was calculated with the computer program
PCGRATE developed by Goray.15–18 This program
implements the modified integral method to solve the
boundary value problem of electromagnetic radiation
incident on a diffraction grating with a multilayer
coating. The program accounts for the polarization
of the incident radiation, the grating’s groove profile
as determined by atomic force microscopy, and the
optical properties of the layers. The program has
been used for accurately modeling, in the 11–50-nm
wavelength range, the efficiencies of blazed gratings
of three types: uncoated holographic master grat-
ing, uncoated replica of the master grating, and rep-
lica gratings with MoRu–Be multilayer coatings.19,20

Although the program accounts for the microrough-
ness of the groove profile of the grating substrate, it
does not currently account for the effect of layer mi-
croroughness on the reflectivity. Thus the calcu-
lated efficiencies were multiplied by the Debye–

Waller factor exp���2�m��d�2� to account for layer
microroughness.21 This is only an approximation
for a proper detailed accounting of layer microrough-
ness that is planned for implementation in the pro-
gram.

The groove profile, derived from the atomic force
microscopy images of replicas of the Skylab grating,8
is shown in Fig. 7. The nominal angles of the left
and right facing facets are 3.1° and 7.3°, respectively.
The groove profile has 1.6-nm rms microroughness
with respect to the nominal groove profile.

As shown by the curves in Figs. 5 and 8�a�, the
efficiencies calculated at an angle of incidence of 6°
are in good agreement with the measured �1 and 0
peak efficiencies �shown by the data points in Figs. 5
and 8�a�� in both the first and the second Bragg orders
of the multilayer coating near wavelengths of 38 and
19 nm, respectively. The calculated groove efficien-
cies are shown in Fig. 8�b�. The crossings of the �1
and the 0 orders near 43 nm and the �1 and �2
orders near 18 nm are consistent with the present
measurements and with the previous measurements
of a Skylab replica grating with a Mo–Si multilayer
coating in the 11–34-nm wavelength range.8

The efficiency of a multilayer coated grating is es-
sentially the product of the groove efficiency of the
grating substrate and the reflectance of the multi-
layer coating. The groove profile determines the rel-
ative efficiencies in the various diffraction orders, and
the multilayer’s period thickness determines the
wavelength of peak reflectance. The groove profile
and the period thickness are usually optimized so
that the multilayer grating has peak efficiency in a
diffraction order and wavelength region of interest.
In the case of a blazed grating substrate, the blaze
angle is selected to give maximal efficiency in the
desired on-blaze order and low efficiency in the other
diffracted orders and in the 0 order.22 It is apparent
from Fig. 8�b� that the Skylab replica grating does not
have optimal groove profile for the 38-nm wavelength
region. The 3.1° blaze angle results in peak �1-
order efficiency near 30 nm, the design wavelength of

Fig. 6. Data points are the measured 0-order efficiency of the
Sc–Si grating at an angle of incidence of 6°. The curve is the
calculated reflectance of a Sc–Si multilayer coating at 6° incidence
and multiplied by 0.21, which represents the 0-order groove effi-
ciency.

Fig. 7. Groove profile used for the calculation of the Sc–Si grating
efficiency. The groove dimensions are normalized to the groove
period �278 nm�
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the Skylab grating.6 Thus at 38 nm, the �1-order
efficiency is decreasing and the 0-order efficiency is
comparable and is increasing. The Skylab replica
grating was selected form this study because of the
previous detailed characterizations of replicas with
gold and Mo–Si multilayer coatings.8

Shown in Fig. 9�a� is the calculated groove effi-
ciency of a 3600 groove�mm grating with a blaze
angle of 4.75°, which corresponds to a blaze wave-
length of 40 nm. The opposite groove facets have an
angle of 12°. The peak efficiency in the �1 order,
calculated at an angle of incidence of 6°, is 54% at a
wavelength of 40 nm. The efficiencies in the other
orders are much lower as shown in Fig. 9�a�. The
�2-order efficiency is high in the 20–25-nm range,
and a grating with these parameters was used in
second order to record solar spectra on the Solar Ex-
treme Ultraviolet Research Telescope and Spectro-
graph �SERTS� rocket mission.23–25 The efficiency of
the grating with a Sc–Si multilayer coating optimized
for a wavelength of 42 nm is shown in Fig. 9�b�. The
peak efficiency is 15%, and the efficiency exceeds 12%
in the 39.4–43.4-nm wavelength range. A grating
of this type would be useful for the spectroscopic
study of the solar spectrum in the 39–44-nm wave-

length range �see Fig. 1�. The peak grating effi-
ciency is a factor of 5 higher than the gold-coated
Skylab grating, and the comparative spectral image
exposure cadence would be 5 times faster. By com-
parison, the peak efficiency of the EIS �Solar-B mis-
sion� Mo–Si multilayer grating is 9% in the 26-nm
wavelength region.2

5. Conclusion

The Sc–Si multilayer coating greatly increased the
normal-incidence efficiency of a replica of the Skylab
3600 groove�mm grating in the 40-nm wavelength
region, which is important for the study of the solar
corona with high-resolution spectroscopic diagnostic
techniques. The peak efficiency was 7.2%, which
was lower than optimum because of the small blaze
wavelength �30 nm� of the grating substrate. Mod-
eling indicates that an optimized grating with a Sc–Si
multilayer coating would have a peak efficiency of
15% at a wavelength of 42 nm and an efficiency ex-
ceeding 12% over a 4-nm-wide wavelength range.
In addition, the newly determined optical constants
indicate that Sc may not be the best multilayer ma-
terial for the 40–42-nm wavelength region. It was
found that the experimentally determined Sc atten-

Fig. 8. �a� Comparison of the measured �data points� Sc–Si grat-
ing efficiency in the �1 and the 0 orders and the calculated effi-
ciencies �curves� at an angle of incidence of 6°. �b� The calculated
groove efficiency at 6° incidence.

Fig. 9. �a� Calculated groove efficiency of the optimized grating
substrate. �b� The calculated efficiency of the optimized Sc–Si
grating.
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uation coefficient was higher than expected, owing to
absorption by 3p–3d type transitions below a wave-
length of approximately 43 nm. An experimental
study of the optical constants of Ti indicates that the
3p–3d absorption threshold is at a wavelength of ap-
proximately 35 nm, and Ti has lower attenuation and
is expected to have better multilayer performance
than Sc in the 40-nm region. Thus there is the po-
tential that the peak normal-incidence efficiency of
an optimized Ti–Si multilayer grating may be con-
siderably higher than 15% in the 40-nm wavelength
region.
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